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Introduction stem segments of chrysanthemum (Dendranthema× grandiflorum Tzvelev cv. Cassa) plants. Dynamic In vascular plants, xylem conduits form the major path changes in hydraulic conductance are accurately for water transport from roots to leaves. Therefore, their measured at 30 s intervals before and after modificafunctioning has been of interest for more than a century tions of the composition of the standard fluid (deion- (Dixon and Joly, 1894) . Currently, it is generally thought ized water). It is investigated whether osmotic that fluid flow through xylem conduits is pressure driven properties of the flowing solution influence overall and respects Hagen-Poiseuille's law. Analogous with this hydraulic conductance by affecting the hydraulic conlaw, the hydraulic conductance of the xylem is assumed ductance of vessel-to-vessel pit membranes, as has to be mainly dependent on the geometry of the xylem previously been suggested. Various iso-osmotic salt conduits (Dimond, 1966; Pickard, 1981 ; Zimmermann, solutions (20 mOsm kg−1) of different composition 1983). Attempts to verify this analogue with Hagenraised the hydraulic conductance of 20 cm long stem
Poiseuille by measuring the hydraulic conductance of a segments approximately 5-8% compared to deionized stem segment and comparing this with an estimated water. In contrast, carbohydrate solutions with similar hydraulic conductance based on diameters of xylem vesosmotic strength and pH did not cause any change in sels have shown variable results (Dimond, 1966 ; hydraulic conductance. KCl solutions that greatly Zimmermann, 1983) . Serious deviations were observed differed in osmotic strength all increased hydraulic even when the measurements were done on single vessels conductance, but the response was not correlated with (Giordano et al., 1978) . Through the years, various the osmotic strength of the solution. Increasing the explanations for these discrepancies have been proposed number of vessels that were open from one cut end which roughly can be separated into two groups. The to the other by shortening the stem segments greatly first group tries to explain deviations within the Hagenincreased the hydraulic conductance response.
Poiseuille analogue and concentrates on short-term Changing from deionized water to a salt solution variation in vessel diameters, the role of scalariform caused an immediate increase in hydraulic conductperforation plates (Schulte and Castle, 1993 ; Ellerby and ance, while a shift back to deionized water resulted in Ennos, 1998) and vessel ends (Chiu and Ewers, 1993; a slow decline. This decline lasted longer when the Zimmermann, 1978) , or the existence of air-embolisms salt solution contained divalent cations compared to or other physical blockages in xylem vessels (Sperry et al., monovalent cations. It is concluded that the presence 1988). The second group focuses on the shortcomings of of cations and not the osmotic strength in the flowing the Hagen-Poiseulle analogue due to the implicit assumpsolution influenced the hydraulic conductance. The tions (Giordano et al., 1978) or even questions the phenomenon is not caused by the vessel-to-vessel pit underlying cohesion-tension theory of sap flow in plants membranes, which in fact suppressed the effect, due (reviewed by Tyree, 1997; Canny, 1995; Milburn, 1996 ; to their large contribution to the overall resistance to water flow. Zimmermann et al., 1993) .
Besides the anatomy of the conducting xylem, propergrandiflorum Tzvelev (chrysanthemum) are also directly influenced by fluid composition as previously observed in ties of the conducted fluid may also influence xylem hydraulic conductance. According to Hagen-Poiseuille, branches of the sugar maple tree. Furthermore, it was investigated whether observed short-term effects of fluid hydraulic conductance also depends on viscosity of the fluid, which is affected by temperature and concentration composition on xylem hydraulic conductance could be attributed to the osmotic properties of the fluid by of solutes (Pickard, 1981) . The concentration of solutes in xylem sap is normally low (Liang and Zhang, 1997) affecting the hydraulic conductance of vessel-to-vessel pit membranes. Therefore, dynamic changes in xylem and therefore hardly influences viscosity of the xylem sap (Pickard, 1981) . The temperature response on fluid flow hydraulic conductance were accurately measured on stem segments of chrysanthemum plants, while varying fluid rate is limited to approximately 2.3%°C−1, between 10°C and 30°C (Nobel, 1983) and is usually taken into account composition. The role of vessel-to-vessel pit membranes was investigated using stem segments of different length, when xylem hydraulic conductance is determined (Sperry et al., 1988) .
thus varying the number of continuous open vessels in the stem segments (Chiu and Ewers, 1993) . It is known that properties of the fluid may also influence the long-term decrease of xylem hydraulic conductance over time, which often occurs during hydraulic conductance determinations on excised stem segments. It
Materials and methods
has been claimed that dilute KCl solutions (0.01-0.1 M )
Plant material and preparation of samples prevented this long-term decline in stem segments of sugar maple (Acer saccharum Marsh.) (Zimmermann, Chrysanthemum (Dendranthema×grandiflorum Tzvelev cv. Cassa) plants were grown in a greenhouse in pots until 1978). However, other experiments on sugar maple did commercial maturity . not confirm these observations (Sperry et al., 1988) . It Stem segments of fully turgid plants were cut under deionized was observed that dilute fixatives (e.g. 0.05% formaldewater and re-cut with a new razor blade to a length of hyde) and acid solutions (pH<3) prevented or delayed approximately 20 cm. Unless otherwise mentioned, the basal this long-term decline. This was explained by the inhibitcut end was located at 15 cm height, measured from the base of the plant. According to the vessel length distribution, ory effect of these fluid properties on microbial growth, previously determined on stem segments of similary grown which otherwise increasingly obstructs fluid flow during chrysanthemum plants of the same cultivar using the latex long-term hydraulic conductance measurements on particle method (Zimmermann and Jeje, 1981) , the 20 cm excised plant material (Sperry et al., 1988) . It has also length ensured that few if any vessels were open from the base been reported that the decrease in hydraulic conductance cut end to the top. A piece of silicon tubing was wrapped over the upper cut end of the stem segment (the cut end closest to of stem segments of chrysanthemum cut flowers the apex in the intact plant) to enable connection to the (Dendranthema×grandiflorum Tzvelev) during vase life apparatus for hydraulic conductivity measurements (described was much higher when deionized water was used instead below). The stem segment sample was continuously kept under of tap water . for xylem hydraulic conductance.
Corrections were made for direct evaporation from the The aim of the present research was to investigate containers on the balances, which was measured immediately whether measurements of the xylem hydraulic conductbefore and after each experiment. Measurements were done at constant temperature of ambient air and fluid (20±0.5°C ).
ance of the herbaceous perennial Dendranthema× 
General measurement procedure
Secondly, the effect of a range of KCl solutions of different concentration (1×10−5-2×10−1 M ) and hence different A typical measurement procedure consisted of two or three osmotic strength (0-400 mOsm kg−1) were tested. Before use, phases. It started with an initial period of 15-45 min of osmolality of all applied solutions was measured by cryoscopy measuring fluid flow rate of deionized water at a pressure (micro-osmometer Model 3B, Roebling, Berlin) difference of 40.0 kPa between the two ends of the stem segment until the measured flow rate was constant for at least 10 min.
Role of vessel-to-vessel pit membranes Then the container with deionized water was exchanged for a container of the solution of interest. To prevent air entering
To investigate whether changes in hydraulic conductance of open vessels at the lower cut end of the stem segments during vessel-to-vessel pit membranes are involved in the short-term this exchange of solutions, the pulling pressure on the top of response to changes in solution, measurements were done on the stem segment was reversed to a small gravity induced long (20 cm), short (3 cm) and very short (1.5 cm) stem above-atmospheric pressure (1-2 kPa). After the exchange of segments. According to the vessel length distribution, previously solutions the pulling pressure was restored and a 10-30 min measured with the latex particle method (Zimmermann and period of fluid flow rate measurements followed. In some, but Jeje, 1981) on similarly grown chrysanthemum plants of the not all, experiments this second phase was followed by a third, same cultivar, almost no vessels (<1%) are open from bottom starting with a shift back to deionized water (while preventing to top in 20 cm long stem segments. Approximately 50% and air entry), and followed by a 30-90 min period of continuous 75% of the vessels are open in 3 and 1.5 cm long stem segments, fluid flow rate measurements.
respectively. Tests were done to find out whether absolute fluid flow rate influenced the percentage increase in hydraulic conductance after changes from deionized water to 0.1 M KCl solution.
Results
Therefore, hydraulic conductance was measured before and after the change in solution at several pressure differences (5, immediate as far as could be measured (approximately measured hydraulic conductance using deionized water.
At the start of a measurement cycle sometimes a small during a hydraulic conductance determination. Only a few samples showed a prolonged increase in fluid flow rate after 30 min, possibly due to initial presence and KCl solutions ranging in concentration between 1×10−5 and 2×10−1 M caused increases in hydraulic recovery from air-embolism in the xylem (Sperry et al., 1988) . Results from these samples are excluded.
conductance (relative to deionized water) between 2.5% and 15% (Fig. 3) . No clear relationship was found Short-term effects of fluid osmotic strength on hydraulic between the increments in hydraulic conductance and the conductance concentration of the applied KCl solutions. Even at negligible osmotic strength (not measurable using cryoAll tested iso-osmotic salt solutions (20 mOsm kg−1, scopy) hydraulic conductance was substantially increased. pH 6.0) increased hydraulic conductance in 20 cm long Indicative tests on two stem segments revealed that the stem segments approximately 7-8% compared to deionpercentage increase in hydraulic conductance after ized water ( Table 1) . No difference in percentage increase changes from deionized water to 0.1 M KCl solution was in hydraulic conductance was measured between salt not influenced by the absolute fluid flow rate. solutions composed of different combinations of monovalent or divalent cations and anions. In contrast, soluEffect of stem segment length tions containing the carbohydrates mannitol or melizitose did not cause any change in hydraulic conductance, Hydraulic conductivity (hydraulic conductance normalized for length) was clearly larger in 3 cm (short) stem although their osmotic strength and pH were similar to those of the applied salt solutions (20 mOsm kg−1, segments than in 20 cm ( long) stem segments (Table 2) . Hydraulic conductivity determined in 1.5 cm stem pH 6.0; Table 1). rate (see for an example Fig. 2 ).
aTested after log transformation of DK H .
segments should be interpreted with care because continuDiscussion ously increasing fluid flow rates were observed in all these stem segments, which made reliable hydraulic conductThe immediate increase in hydraulic conductance due to ance and conductivity determinations hazardous. In order changes in fluid composition, as previously reported in to determine an indication of the solution effect on stem segments of the tree sugar maple (Zimmermann, hydraulic conductivity in these very short stem segments, 1978), was also consistently observed in stem segments flow measurements just before and just after the change of the herbaceous perennial chrysanthemum in the present in solution were used for hydraulic conductivity deterexperiments. minations. The change in hydraulic conductivity clearly Three different types of experiments were carried out decreased with stem segment length (72%, 12% and 5% to investigate the previously suggested explanation for in 1.5, 3 and 20 cm long stem segments, respectively; this short-term increase in hydraulic conductance Table 2 ). ( Zimmermann, 1978) . Zimmermann suggested that the phenomenon was due to a variable hydraulic resistance Dynamics of hydraulic conductance responses of vessel-to-vessel pit membranes resulting from changes in osmotic properties of the flowing solution. None of Hydraulic conductance responses after changes from deionized water to solutions containing dissolved salts present experiments supported this explanation. In the first experiment, in which the change in hydraulic conductwhen salt solutions were used compared to 5% in stem segments of 20 cm length with almost no continuous open ance was induced by differently composed solutions of similar osmotic strength, only solutions containing disvessels. The effect was even larger in stem segments of 1.5 cm length with 75% open vessels. However, the latter solved salts increased hydraulic conductance. No changes in hydraulic conductance were observed after changing results must be interpreted with care because the measured flow rate through these very short stem segments did not from deionized water to solutions containing mannitol or melizitose ( Table 1) . This shows that the osmotic strength stabilize within 30 min ( Table 2 ). It is concluded that changes in hydraulic conductance after changing the of the flowing solution was not the primary factor that caused the change in hydraulic conductance. This conclusolution from deionized water to a salt solution were not due to swelling and shrinking of vessel-to-vessel-pit memsion is supported by a second experiment, in which a wide range of KCl concentrations was used to induced branes caused by the change in osmotic properties of the fluids. This raises the question, what else might have changes in hydraulic conductance. KCl solutions with a very low osmotic strength (0.001 M KCl #2 mOsm kg−1) caused the clearly observed short-term changes in hydraulic conductance? and KCl solutions with substantial osmotic strength (0.2 M KCl #400 mOsm kg−1) caused approximately Changing osmotic gradients between the upper and lower end of the stem segments are not a likely explanasimilar changes in hydraulic conductance ( Fig. 3) . Even very dilute KCl solutions (1×10−5 M ), with negligible tion for the observed effects on hydraulic conductance: no effects were measured with osmotically active mannitol osmotic strength, caused an increase in hydraulic conductance. These results show that the presence of a small and melizitose solutions, while a clear effect was measured with a very low concentration of KCl solution. Moreover, amount of dissolved salts, rather than the overall osmotic strength of the solution caused an increase in xylem the initial increase in hydraulic conductance after changing from deionized water to salt solution is not facilitated hydraulic conductance compared to deionized water. In the third experiment, shortening the stem segment from but hampered by an osmotic potential difference between the solutions at the lower and upper cut ends of the stem 20 cm to 3 cm reduced the number of vessel-to-vessel pit membranes in the flow path. This should have decreased segments. Shortening the stem segments from 20 cm to 3 cm the magnitude of the change in hydraulic conductance, providing the pit membrane hypothesis is true. However, greatly increased the hydraulic conductivity of stem segments ( Table 2 ). This indicates that in chrysanthemum instead of a decreasing change in hydraulic conductance with stem segment length, a progressively increasing stems, pit membrane resistances greatly contribute to the total resistance to water flow, which is in agreement with change in hydraulic conductance was observed after changes from deionized water to salt solutions. With observations in many other plants (Schulte and Gibson, 1988; Gibson et al., 1985) , although not in all (Chiu and approximately 50% cut open vessels, hydraulic conductance in stem segments of 3 cm length increased by 12% Ewers, 1993) . Actual prediction of the percentage of overall hydraulic resistance caused by the pit membranes are easily exchangeable. Differences in associations exist between different cations and the fixed negative charges. based on the present results is difficult. This is due to a number of reasons, including the non-normal distribution
In general, divalent cations, such as Mg2+ and Ca2+, are more tightly associated to the negative charges in the cell of vessel lengths and diameters, the imperfect correlation between lengths and diameters of vessels and the inhomowalls than monovalent cations, such as K+ and Na+ (Grignon and Sentenac, 1991) . Based on general pringeneous conductance distribution along the length of the stem segments (Chiu and Ewers, 1993) . The difficulties ciples it may be expected that, after supplying a surplus of cations to the negatively charged groups in the xylem with determining hydraulic conductance in very short stem segments, which arose when measuring 1.5 cm long cell walls, saturation of all fixed negatively charged groups with cations takes place almost immediately. Flushing the stem segments, have been reported in Lonicera fragrantissima (Chiu and Ewers, 1993) . These authors also observed cations from the cell walls with deionized water takes more time and follows a decaying pattern, of which the a decrease in hydraulic conductivity in stem segments shorter than 2 cm and suggested that this might have duration depends on the binding properties between the cell walls and cations. The different levels of hydraulic been due to an end effect in segments with a high percentage of cut open vessels caused by local turbulence.
conductance measured using deionized water at the start of a measurement cycle or after a period on KCl or The increasing effect of solution composition on hydraulic conductivity with decreasing segment length might have NaCl-solution ( Figs 2, 4) could have been caused by the initial presence of multivalent cations normally present been due to a large contribution of the hydraulic resistances of the pit membranes to the total resistance to in xylem sap. Deionized water is probably not able to remove all the associated divalent cations from the negawater flow. If the resistance of the pit membranes is not affected by solution composition and it contributes greatly tively charged groups, as is also shown in Fig. 4 . A large surplus of monovalent cations in the flowing solution to the overall resistance of the xylem, which seems to be the case in the present results, then it reduces the change could possibly exchange with the remaining divalent cations in the cell walls, but may later themselves be in overall xylem hydraulic conductance due to solution composition. This explains why the observed effect was removed by deionized water, which finally results in a larger number of unmasked negative groups. much larger (up to 70%) in stem segments with fewer pit membranes in the flow path. The main constituents of It is remarkable that the kinetics of the fluid flow rate after changes from deionized water to salt solutions and overall resistance to water flow are the resistance of pit membranes and the lumen resistance (Chiu and Ewers, vice versa, also follows this pattern of immediate and decaying responses. This raises the question whether the 1993; Schulte et al., 1993) . It seems therefore reasonable to conclude that the observed increasing effect of dissolved observed phenomenon of changing xylem hydraulic conductance, due to changes in solution composition, could salts on hydraulic conductance is caused by considerable modification of the resistance of the lumen walls.
have been due to interactions between fluid flow and the presence or absence of unmasked negatively charged The different dynamic responses of hydraulic conductance after subsequent changes between deionized water groups along the cell walls of xylem vessels. If true, this would add another shortcoming to the Hagen-Poiseuille and salt solutions and vice versa are obvious ( Figs 2, 4) . The maximal response in hydraulic conductance is maxanalogue for resistance in xylem vessels. imal immediately after changing from deionized water to salt solution, which was already induced by a very small
